As in higher eukaryotes, heterogeneous nuclear RNA (hnRNA) in the cellular slime mold Dictyostelium discoideum is associated with proteins in the form of ribonucleoprotein particles. Mixing experiments with deproteinized hnRNA establish that the nuclear ribonucleoprotein particles are not formed artificially during isolation. In contrast to comparable material from mammalian cells (polydisperse, 40-250 S) The cellular slime mold Dictyostelium discoideum offers certain advantages over higher eukaryotes for the analysis of differentiation, particularly at the level of gene transcription. Its genomic DNA has an informational complexity of approximately 30 X 109, only eleven times that of Escherichia coli (1). During its life cycle, Dictyostelium displays qualitative changes in RNA transcripts (2), as well as changes in the specific activities of various enzymes (3, 4). These changes appear, at least in part, to be regulated at the level of transcription (3-6). In addition, the biosynthesis of messenger RNA in Dictyostelium is somewhat less complex than in higher eukaryotes (7-9). In particular, heterogeneous nuclear RNA (hnRNA) in this system is only slightly larger than messenger RNA in polyribosomes; there is no counterpart of the very high molecular weight, "giant" nuclear RNA that is found in metazoa. In the present study we have examined Dictyostelium hnRNA at the ribonucleoprotein level of organization. We find that slime mold hnRNA is bound to specific proteins in the form of 55S ribonucleoprotein (RNP) particles and that one of the proteins is preferentially associated with polyadenylate sequences in hn-RNA. ,Ag/ml of actinomycin and the nuclei were purified as has been described (6-9).
hnRNA-associated proteins are electrophoretically complex and have molecular weights between 20,000 and 150,000. In 0.35 M NaCl most of the proteins are released from the hnRNA. However, a single protein of 72,000-74,000 molecular weight remains bound, as indicated by its co-chromatography with the RNA on poly(U)-Sepharose and banding in C82SO4. The same protein is recovered when heterogeneous nuclear ribonucleoprotein is digested with T1 ribonuclease under conditions where the poly(A) is nuclease-resistant. The 73,000 molecular weight protein appears to be specifically bound to polyadenylate sequences in Dictyostelium hnRNA.
The cellular slime mold Dictyostelium discoideum offers certain advantages over higher eukaryotes for the analysis of differentiation, particularly at the level of gene transcription. Its genomic DNA has an informational complexity of approximately 30 X 109, only eleven times that of Escherichia coli (1) . During its life cycle, Dictyostelium displays qualitative changes in RNA transcripts (2) , as well as changes in the specific activities of various enzymes (3, 4) . These changes appear, at least in part, to be regulated at the level of transcription (3) (4) (5) (6) . In addition, the biosynthesis of messenger RNA in Dictyostelium is somewhat less complex than in higher eukaryotes (7) (8) (9) . In particular, heterogeneous nuclear RNA (hnRNA) in this system is only slightly larger than messenger RNA in polyribosomes; there is no counterpart of the very high molecular weight, "giant" nuclear RNA that is found in metazoa. In the present study we have examined Dictyostelium hnRNA at the ribonucleoprotein level of organization. We find that slime mold hnRNA is bound to specific proteins in the form of 55S ribonucleoprotein (RNP) particles and that one of the proteins is preferentially associated with polyadenylate sequences in hn-RNA. 3 ,Ag/ml of actinomycin and the nuclei were purified as has been described (6) (7) (8) (9) .
MATERIALS AND METHODS

Growth
Isolation of Nuclear RNP Particles. Clean nuclei were suspended in buffer A (150 mM NaCl, 1.5 mM MgCl2, 10 mM Tris HCl, pH 7.0) at 5 X 108 nuclei per ml and were broken by brief sonication (5 sec., 40 W; model W185 Branson, Heat-Systems Ultrasonics, Plainview, N.Y.). Breakage was complete as determined by phase-contrast microscopy. 5 ml aliquots of the sonicate were layered on 12 ml of 30% sucrose in buffer A and centrifuged at 3,000 rpm for 15 min in the Beckman Spinco SW27.1 rotor (40). Under these conditions the nucleoli and a variable but small amount of chromatin are pelleted. The RNP and the major part of the chromatin form an opalescent band above the 30% sucrose. This material was removed and 2-to 3-ml portions were layered on 15-30% sucrose gradients (in buffer A). The gradients were centrifuged in the Spinco SW41 rotor at 30,000 rpm for 2 hr. Gradients were collected (0.5-ml fractions), and an aliquot of each fraction was removed for the determination of trichloroacetic-acid-insoluble radioactivity. Gradient fractions containing the RNP particles were pooled and diluted with buffer A and the RNP was collected by highspeed centrifugation (368,000 X g, 9 hr). In some cases the particles were collected from gradient fractions by direct precipitation in 67% ethanol (-20°, 4 hr). Similar results were obtained with either method. For gel electrophoresis the pelleted RNP was dissolved in 1% sodium dodecyl sulfate, 1% 2-mnercaptoethanol, 10 mM sodium phosphate buffer, pH 7.0, and dialyzed for 16 hr against 0.1% sodium dodecyl sulfate, 0.1% mercaptoethanol, 10 mM phosphate buffer, pH 7.0. Samples were electrophoresed in 7.5% polyacrylamide gels as detailed previously (10) .
Analysis of RNA From 55S RNP Particles. RNA was purified from ethanol-precipitated RNP particles by standard phenol-chloroform extraction procedures (9) . Poly(U) filters 301 Abbreviations: hnRNA, heterogeneous nuclear RNA; RNP, ribonucleoprotein; mol. wt., molecular weight. Similar results were obtained when the mixing was done after sonication. *-*, cpm 32p; 0---0, cpm 3H.
and poly(U)-Sepharose were prepared and used as described previously (6, 7, 9, 11) . Sucrose gradient sedimentation and hybridization kinetics were measured as described (7, 9) . 82P-Labeled hnRNA was isolated from purified nuclei as previously described (9 The methods used to isolate Dictyostelium hnRNP particles were slight modifications of those employed previously with mammalian cells (10, 12) . Nucleoli and a small amount of chromatin were removed from the sonicated nuclei by brief centrifugation on 30% sucrose (details in Materials and Methods). When the post-nucleolar supernatant was recentrifuged on 15-30% sucrose gradients, over 90% of the pulse-labeled RNA sedimented as a monodisperse peak at approximately 55 S (Fig. 1A, open circles) . Similar results were obtained when cells were labeled in the presence of a concentration of actinomycin D (3 ig/ml) that selectively inhibits rRNA synthesis (6) .
Since exogenous RNA can form nonspecific complexes with cellular proteins under certain conditions (13) , it is essential to assess the reality of isolated RNP in each case. This may be done by mixing experiments, in which labeled, deproteinized RNA is added to cell fractions and assayed for nonspecific; complexing with proteins (10). Fig. 1 illustrates the results of such an experiment with Dictyostelium nuclei. The addition of a trace amount of "2P-labeled, deproteinized Dictyostelium hnRNA to ['H]adenine-labeled nuclei prior to hnRNP isolation does not result in an increase in its sedimentation velocity (Fig. 1A) as compared to deproteinized RNA centrifuged alone (Fig. 1B) . In Fig. 1A , the mass ratio of nuclear protein to [32P]RNA in the mixture was approximately 400,000:1 (see figure legend), thus optimizing conditions for detecting nonspecific binding. These (11) , which were washed and analyzed for radioactivity as described (6, 9) filters. This method yields essentially quantitative binding (>90%) of poly(A)-containing RNA. As can be seen in Fig.  2B , the two RNAs show the same sedimentation profile.
In Dictyostelium approximately 25% of the hnRNA is transcribed from repetitive sequences and 75% from singlecopy DNA (8, 9) . In contrast, over 90% of mRNA is transcribed from single-copy DNA sequences (7, 8) . To determine if the RNA from the 55S RNP particles has hybridization properties similar to hnRNA, DNA excess hybridization experiments were performed with ["2PIRNA from RNP particles labeled in the presence of 3 mg/ml of actinomycin D, which inhibits rRNA synthesis (6) . The kinetics of hybridization of RNA from the RNP were identical to control experiments using poly(U)-Sepharose-purified hnRNA (Fig. 3) and suggest that the RNP particles are not due to contamination of the nuclei with cytoplasmic material.
Analysis of hnRNA-bound proteins
To investigate the proteins bound to Dictyostelium hnRNA, 55S RNP particles (Fig. 1) (Fig. 4) . For comparison, the nuclear material that pellets in the preparative sucrose gradients was also analyzed. Fig. 4B illustrates the electrophoretic distribution of proteins in the 55S particles (Fig. 1) . Their molecular weights range from 15,000 to 150,000, with 80% of the polypeptides (mass) over 40,000 daltons. The complexity is equivalent to that of metazoan hnRNP (10) . After reduction and alkylation, the pattern remained unchanged. In Fig. 4A it can be seen that the proteins present in the pellet in the preparative sucrose gradient contain several bands which are absent or greatly reduced in the hnRNP (Fig. 4B) . Most conspicuous in this regard are the prominent bands in the 10,000-15,000 molecular weight range. These proteins can be extracted with 0.4 N H2SO4 and migrate on the sodium dodecyl sulfate gels in the same molecular weight ranges that other workers have reported for Dictyoctelium histones (14) . We tentatively conclude that these proteins may represent the Dictyostelium equivalents of histones III, II, and IV, and that the pelleted material is largely, if not exclusively, chromatin. We consistently noted that there was no counterpart of mammalian histone I, which has an apparent molecular weight of 30,000 in the presence of sodium dodecyl sulfate (15) . There were also reproducible qualitative differences between hn-RNP proteins and the non-histone chromatin proteins (i.e., >30,000 molecular weight in Fig. 4A ).
Although the 55S particles are homogeneous by the criterion of ['H ]adenine labeling (Fig. 1A) , this does not eliminate the possibility of other co-sedimenting, protein-containing subnuclear structures, which could complicate the electrophoretic analysis of hnRNA bound proteins. To explore this possibility, material sedimenting at 40-60 S was digested with high concentrations of pancreatic and T1-ribonucleases and centrifuged A. Fig. 1A) was collected by high-speed centrifugation (368,000 X g, 9 hr) and processed for electrophoresis as detailed in Materials and Methods. The material that pelleted in the gradients ("chromatin") was dissolved in 1% sodium dodecyl sulfate and processed similarly. Samples containing approximately 40 pg of total protein were electrophoresed in 7.5%-polyacrylamide gels containing 0.1% sodium dodecyl sulfate as detailed previously (10) . Electrophoresis was at 8 mA per gel (field = 10 V/cm) for 7 hr (22°); direction of migration is from top to bottom. Gel A: proteins from sucrose gradient pellet (chromatin); gel B: proteins from the 55S RNP. so as to pellet any RNase-resistant material. Gel electrophoresis of the pellet revealed that all of the protein bands normally seen (i.e., Fig. 4B ) were lost after this treatment, demonstrating that they are bound to RNA.
Analysis of poly(A) bound proteins hnRNP pulse-labeled with [3H]adenosine was chromatographed on poly(U)-Sepharose in 0.36 M NaCl, 0.01 M Tris, 1 mM EDTA. Approximately 70% of the [8H]adenosine was bound and could be eluted with 50% formamide, 1 mM EDTA (pH 7.2) and 0.5% sodium dodecyl sulfate. After ethanol precipitation of the eluted material, gel electrophoresis revealed a single protein band of molecular weight 72,000-74,000 (Fig. 5B) . In order to determine if this protein was bound-specifically to poly(A) sequences in hnRNA, samples were first treated with RNase T1 under conditions in which poly(A) in nuclease resistant, and then chromatographed on poly(U)-Sepharose. In parallel experiments the RNP was treated with RNase A and T1 and chromatographed on oligo-(dT)-cellulose. Under these conditions the poly(A) was found to bind quantitatively to the column and again could be eluted in formamide-dodecyl sulfate buffer. After precipitation electrophoresis again revealed, in addition to the RNase, a single protein band at approximately 73,000.
It remained possible that the 73,000 molecular weight protein rather than the RNase resistant RNA fragment was Tris -HCl, pH 7.5 with RNase A covalently bound to Sepharose 4B by a CNBr linkage. The mixture was then passed over a Sephadex G-75 column in the same buffer to remove the RNase beads and nucleotides. The [3H]adenine and 32PO4 peak eluting in the void volume was then layered over a preformed Cs2SO4 gradient (density p = 1.25-1.70 g/cm3) and centrifuged at 150 for 36 hr at 36,000 rpm in a Spinco SW 50.1 rotor. Seventy to 75% of the [3H]adenine and 32PO4 was found in a broad peak with a mean density of 1.41-1.43 g/cm3, while approximately 15-20% of the radioactivity was found at p = 1.58 g/cm3, the density of purified poly(A) from Dictyostelium mRNA. The 32PO4-labeled material banding at p = 1.41-1.43 g/cm3 was precipitated with ethanol. One aliquot of the material was extracted with phenol-chloroform.
The material bound quantitatively to poly(U) filters and contained more than 88 mole % AMP. The remainder of the RNP peak was dissolved in electrophoresis buffer and run on 10% polyacrylamide gels. The material contained a single protein band at a position corresponding to a molecular weight of approximately 73,000.
DISCUSSION
In the present study Dictyostelium nuclear RNP particles that contain RNA with properties similar to poly(A)-containing hnRNA have been isolated (8, 9) . Control experiments (not shown) revealed no [3H]adenine label in the region of the 55S RNP if cells were pulsed and then "chased" with actinomycin D, indicating the RNA is not of cytoplasmic origin. This is also confirmed by the fact that polysomal RNP in Dictyostelium does not contain the same polypeptides as the 55S nuclear particles (unpublished results), so that the latter cannot represent messenger ribonucleoproteins or ribosomes contaminating the nuclei. The hybridization kinetics of the RNA extracted from the 55S nuclear particles are also compatible with its not being rARNA (Fig. 3) .
It is of interest that the sedimentation profile of Dictyostelium hnRNP particles indicates that they are monodisperse, unlike the situation in metazoan cells (10) . This might be expected from the sedimentation profile of Dietyostelium hnRNA which is also homogeneous (9) . However, the diversity of the 55S RNP particle proteins, as revealed by gel electrophoresis, is similar to that observed in comparable material from higher eukaryotes (10) . In addition, little overlap is seen between the proteins of the 55S RNP particles and those from chromatin (Fig. 4) . This is also true in the mammalian systems (10, 12, 18) .
Two experiments indicate that a protein of 72,000-74,000 molecular weight is bound to poly(A) sequences in Dictyodtelium hnRNA. The first is that when intact or RNase T1-digested particles were bound to poly(U)-Sepharose, only one protein of 72,000-74,000 mol. wt. was bound to the column with the RNA. Since most slime mold hnRNA molecules contain a short poly(A) sequence of 25 nucleotides (8,-16) , quantitative binding of 55S nuclear RNP to poly(U)-Sepharose was obtained only if the NaCl concentration was greater than 0.3 M. The fact that only one protein of 72,000-74,000 mol. wt. remained with the RNA when intact particles were bound to poly(U)-Sepharose in 0.36 M NaCl suggests that the binding of the other proteins may be sensitive to moderate salt concentrations, which is also the case for hnRNP from HeLa cells (10) . However, the association of the 72,000-74,000 molecular weight protein with the RNA is apparently very strong; it remains bound to poly(U)-immobilized hnRNA in 0.36 M NaCl (Fig. 5B) , and the poly(A)-protein complex is stable in Cs2SO4.
When the proteins from the complex are subjected to polyacrylamide gel electrophoresis, only a single protein of approximately 73,000 mol. wt. is observed. In HeLa cell hnRNP particles, two proteins of 74,000 and 86,000 mol. wt. are found bound to the poly(A) (V. Kish and T. Pederson 
